INTRODUCTION {#s1}
============

Immune therapy is a promising approach for improving the treatment of cancer. However, the major obstacles in its successful application, the tumor-induced mechanisms that lead to immune-evasion, have not been satisfactorily resolved \[[@R1]\]. Analysis of the immune status of a given tumor entity and characterization of obstructed immune responses thus are crucial issues for the development of immune-therapeutic anti-cancer strategies \[[@R2]\]. Recently, novel immune therapy approaches aimed at inducing an immune checkpoint blockade, like treatment with anti-PD1 or anti-PD-L1 antibodies, have gained much interest, but have been successful only in a certain fraction of tumor patients \[[@R3]\], \[[@R4]\], \[[@R5]\], \[[@R6]\], \[[@R7]\]. Unfortunately, however, factors that influence the response to such approaches are not well understood so far. Due to the limited possibilities for analyzing the respective parameters in humans, suitable animal models should be of great value.

Our laboratory has developed inducible transgenic BALB/c mouse based models for triple-negative breast cancer (WAP-T and WAP-T~NP~ mice, respectively \[[@R8]\], \[[@R9]\], which allow the analysis of parameters controlling tumor-specific immune responses towards endogenously arising tumors in immune-competent mice. WAP-T and WAP-T~NP~ mice contain as transgene the Simian virus 40 (SV40) early gene region under control of the whey acidic protein (WAP) promoter. Induction of the transgene by lactotrophic hormones during late pregnancy and lactation leads to expression of the oncogenic SV40 early proteins T-antigen (T-Ag), small t-antigen, and 17kT protein specifically in epithelial cells of the mammary glands \[[@R8]\], \[[@R10]\]. Mammary carcinomas developing in WAP-T mice have been extensively characterized \[[@R10]\], \[[@R11]\], \[[@R12]\], \[[@R13]\], \[[@R14]\], and cross-species validation with the respective human tumor entities has confirmed that WAP-T and WAP-T~NP~ mice are suitable models for the respective human disease \[[@R8]\], \[[@R14]\].

In WAP-T~NP~ mice, the SV40 transgene additionally codes for the NP~118-126~-epitope contained within the nucleoprotein (NP) of lymphocytic choriomeningitis virus (LCMV), resulting in the expression of a chimeric T-Ag/NP protein (T-Ag~NP~). This allowed us to compare immune responses against the "weak" (i.e. low affinity) T-cell epitopes of SV40 T-Ag expressed by WAP-T mice with those against the "strong", immune-dominant LCMV NP-epitope in T-Ag~NP~ expressed by WAP-T~NP~ mice. While immunization of WAP-T mice with SV40 did not induce a measurable immune response of cytotoxic T-lymphocytes (CTL), immunization of WAP-T~NP~ mice by LCMV infection induced a strong response which led to transient tumor cell elimination. Most intriguingly, WAP-T~NP~ mice mount an endogenous immune response (i.e. without immunization) against the LCMV NP-epitope, as elimination of CD8^+^ T-cells by anti-CD8^+^ antibodies or by irradiation accelerated tumor outgrowth in WAP-T~NP~ mice. WAP-T~NP~ tumor mice thus contain NP-epitope specific CD8^+^ T-cells, which, however, are only weakly active due to expression of the programmed death-1 protein (PD1). Consequently, treatment of WAP-T~NP~ tumor mice with anti-PD1 antibodies largely re-established their activity \[[@R9]\].

In this study we compared the response of WAP-T T1 tumor mice (expressing weakly immunogenic T-Ag epitopes) with that of WAP-T~NP~ NP8 tumor mice (additionally expressing the immune-dominant LCMV NP-epitope) to anti-PD1/PD-L1 immune checkpoint blockade therapy. Our data support the conclusion that the immunogenicity of T-cell epitopes strongly influences the duration of the anti-PD1/PD-L1 induced immune checkpoint blockade in WAP-T and WAP-T~NP~ tumor mice. Thus immunogenicity of tumor antigen T-cell epitopes appears to be an important factor in determining the success of immune checkpoint blockade therapies.

RESULTS {#s2}
=======

Heterogeneous PD-L1 expression in NP8 tumors {#s2_1}
--------------------------------------------

Inefficacy of CTLs in eliminating tumor cells largely results from the interaction of PD1 exhausted on CTLs with the PD1 ligand PD-L1 expressed on tumor cells and cells of the tumor microenvironment, \[[@R3]\], \[[@R6]\], \[[@R7]\], \[[@R15]\]. PD-L1 expression in NP8 mouse tumors is heterogeneous and seen only on a fraction of the tumor cells ([Figure S1](#SD1){ref-type="supplementary-material"}), as also described for PD-L1 expression in corresponding human mammary carcinomas \[[@R16]\], \[[@R17]\]. In addition, PD-L1 expression occurs in different patterns: PD-L1 expressing cells are either evenly distributed over the whole tumor area, either in a large ([Figure S1A](#SD1){ref-type="supplementary-material"}) or a small ([Figure S1C](#SD1){ref-type="supplementary-material"}) fraction of tumor cells, or occur in patches ([Figure S1B](#SD1){ref-type="supplementary-material"}). The enlarged image in [Figure S1D](#SD1){ref-type="supplementary-material"} demonstrates the cell surface expression of PD-L1 in NP8 tumors. A detailed analysis of PD-L1 expression in NP8 tumor mice will be described elsewhere (J. Wanger, M. Bruns, U. Schumacher, and W. Deppert, manuscript in preparation).

Treatment of NP8 tumor mice with anti-PD1/PD-L1 {#s2_2}
-----------------------------------------------

We next compared the effects of anti-PD1 and anti-PD-L1 treatment of NP8 tumor mice (tumor size about 0.5 cm) as detailed in Materials and Methods. While the size of untreated tumors gradually increased, antibody treated tumor mice showed a dose-dependent reduction of tumor size after PD-L1 treatment (Figure [1](#F1){ref-type="fig"}). Figure [2](#F2){ref-type="fig"}, panel A shows the effect of anti-PD-L1 and of anti-PD1 treatments after 7 days as analyzed by immune-histochemical staining for T-Ag. The tumor areas appear virtually free of T-Ag~NP~ expressing cells. Quantitative evaluation of the same tumors for T-Ag mRNA (panel B) by qRT-PCR and for T-Ag protein (panel C) expression, however, revealed that anti-PD-L1 treatment was more effective than anti-PD1 treatment. We, therefore, in further experiments focused on anti-PD-L1 therapy. Immune-histochemical analysis of the effects of anti-PD-L1 therapy for NP8 tumors (Figure [3](#F3){ref-type="fig"}) shows the concomitant reduction of T-Ag~NP~ and of PD-L1 expressing cells. Staining for caspase-3 expression confirmed that the rapid destruction of tumor cells after anti-PD-L1 treatment is due to apoptosis. In a time course experiment, shown in Figure [4](#F4){ref-type="fig"}, we analyzed the effects of anti-PD-L1 treatment of NP8 tumor mice over a period of 21 days. Panel A reveals that already at day 3 a significant anti-tumor effect can be observed, as evidenced by the reduction in T-Ag~NP~ expressing tumor cells. At day 7 virtually no T-Ag~NP~ expressing cells are visible, but at day 21 the tumor had fully re-appeared. Loss of T-Ag~NP~ expression in tumors of anti-PD-L1 treated NP8 mice and its rapid re-growth was also verified by qRT-PCR for T-Ag mRNA in RNA derived from the same treated tumors (panel C) and by ELISA of T-Ag protein in tumor extracts (panel D). Tumor destruction and tumor re-growth are reflected in the quantitative analysis of the CD45^+^-lymphocyte composition in the spleens (panel B). There is a moderate increase of CD4^+^ T-cells, starting at day 7 continuing until day 21 after treatment, while CD8^+^ T-cells stay approximately constant with a moderate increase at day 21. Due to strong expression of PD-L1 on natural killer (NK) cells in tumor bearing mice \[[@R18]\], the fraction of NK cells is down significantly on days 3 and 7 after treatment, but has recovered on day 21. A similar reduction is seen in the fraction of CD25^+^ positive cells, encompassing regulatory T cells (T~reg~), which, however, did not accumulate again to their original level during the observation period. The most dramatic changes after treatment are observed in the PD1^+^ lymphocyte fraction. On days 3 and 7 after treatment, there is an about two-thirds drop, but the fraction of PD1^+^-lymphocytes had recovered completely by day 21, in accordance with tumor re-growth.

![Dose dependent application of anti-PD-L1 antibodies to NP8 tumor mice\
NP8 tumor mice repeatedly received anti-PD-L1 antibodies in the intervals and concentrations shown in the experimental outline (upper panel). Thereafter we followed the inhibition of tumor growth under the influence of different amounts of antibodies within the times indicated; the stained columns in the graph below correspond to the differently labeled antibody doses presented in the outline above. Untreated NP8 mice (blue columns) and BALB/c mice (grey columns) served as positive and negative controls, respectively.](oncotarget-07-64543-g001){#F1}

![Responses of NP8 tumor mice to PD-L1 or PD1 antibody medication after 7 days\
**A.** NP8 tumor mice were treated with antibodies against PD-L1 or PD1 (0.5mg/kg) and tissue sections analyzed by histological staining with an anti-T-Ag antibody (magnifications are the same in all pictures; bar: 100μm). **B.** In parallel, T-Ag mRNA levels were measured by qRT-PCR and demonstrated a much stronger decline after the addition of anti-PD-L1 antibodies (4 %) than with anti-PD1 antibodies (18 %). **C.** A similar result was obtained by the analysis of the T-Ag protein levels determined by ELISA (anti-PD-L1 reduced the antigens to 3 %, anti-PD1 to 21 %). Untreated BALB/c mice served as controls in the PCR and ELISA experiments.](oncotarget-07-64543-g002){#F2}

![Histological evidence for tumor cell elimination after application of anti-PD-L1 antibodies\
NP8 tumor mice were treated as in described in Figure [2](#F2){ref-type="fig"}. Histologic examination of tumors of treated mice revealed massive reductions of T-Ag as well as of PD-L1 positive cells in comparison to that of untreated NP8 tumor mice, whereas at the same time the fraction of dying cells increased, as confirmed by the strongly enhanced presence of caspase-3 positive cells (magnifications are the same in all pictures; bar: 100μm).](oncotarget-07-64543-g003){#F3}

![Time course analysis of the effects of anti-PD-L1 treatment of NP8 tumor mice\
NP8 tumor mice were treated as described in Figure [2](#F2){ref-type="fig"}. **A.** By immune-histochemistry, reduction of T-Ag positive cells starts on day 3 and is prominent on day 7. After 21 days tumor regrowth is almost complete (magnifications are the same in all pictures; bar: 100μm). **B.** Spleen lymphocytes were studied by FACS; while CD8+ cells and CD4+ cells remained largely unaffected with the exception of a slight increase for the former on day 21 and for the latter, somewhat more pronounced, on days 7 and 21, NK cells as well as CD25+ and PD1+ cells showed a dramatic decline beginning already at day 1 (not shown) and continuing over day 3 up to day 7 of treatment. On day 21 their levels had returned to original levels for NK as well as PD1+ cells, whereas at this time point increase in CD25+ cell level just had begun to rise again. **C.** Quantitative RT-PCR analysis revealed some reduction of T-Ag mRNA already on day 1 with a steady decrease until day 7; on day 21 T-Ag mRNA levels had increased to pre-treatment levels. **D.** Measurement of T-Ag protein levels by ELISA unveiled a drop of T-Ag beginning on day 3, reaching again its lowest quantity on day 7, and approaching pre-treatment levels on day 21.](oncotarget-07-64543-g004){#F4}

Anti-PD-L1 treatment of NP8 tumor mice is also accompanied by dramatic quantitative changes in tumor-associated immune cells (Figure [5](#F5){ref-type="fig"}). Prior to treatment (day 0), tumors contain a substantial number of CD3^+^ tumor-associated immune cells (mostly consisting of CD8^+^ cells, but only few CD4^+^ cells, and of macrophages (\[[@R19]\], and unpublished\]). On day 7 after treatment, i.e. at the height of the anti-PD-L1 reaction, tumors are almost devoid of immune cells, while on day 21, i.e. after tumor regrowth, tumors are full of immune cells again, indicative for ongoing strong immune reactions. A detailed analysis of immune cell composition in anti-PD-L1 treated NP8 tumors will be published elsewhere (J. Wanger, M. Bruns, U. Schumacher, W. Deppert, manuscript in preparation).

![Changes in tumor-associated immune cells in tumors of anti-PD-L1 treated NP8 tumor mice on days 7 and 21, respectively\
NP8 tumor mice were treated as in described in Figure [2](#F2){ref-type="fig"} and tumor sections analyzed at the time points indicated. Sections were either stained for T-Ag (red, upper row) or CD3^+^ cells (violet, lower row). HE stained samples (blue, middle row) served to detect all immune cells invading the cancerous tissues. While on day 7 residual tumor areas are virtually free of immune cells, a massive immune cell invasion, including invasion of CD3^+^ cells is visible on day 21.](oncotarget-07-64543-g005){#F5}

Treatment of T1 tumor mice with anti-PD1/PD-L1 {#s2_3}
----------------------------------------------

In NP8 tumor mice, the cytotoxic anti-tumor T-cell response is mainly, if not exclusively, directed against the LCMV NP-epitope expressed by the chimeric T-Ag~NP~ protein \[[@R9]\]. T1 derived tumors lack this epitope, and the weak, but measurable cytotoxic anti-tumor T-cell response is directed against the weak T-cell epitopes of SV40 T-Ag \[[@R20]\], \[[@R21]\], \[[@R22]\]. We next analyzed, whether the different antigenicity of T-cell epitopes expressed in NP8 and T1 derived tumors might influence the effects of immune checkpoint blockade therapy by anti-PD1/PD-L1 treatment. Therefore, we treated T1 tumor mice with anti-PD-L1 or anti-PD1 antibodies, respectively, as described above for the treatment of NP8 tumor mice. Figure [6](#F6){ref-type="fig"} shows that, as in NP8 tumor mice, T1 tumors had efficiently regressed by day 7. Surprisingly, however, and in contrast to treated NP8 tumor mice, T1 tumors did not re-appear 21 days after treatment, thus leading to a significantly longer period of tumor regression up to day 31 (not shown). Quantitative comparison of treatment effects of NP8 and T1 mice by LCMV infection or anti-PD1/PD-L1 treatment ([Figure S2](#SD1){ref-type="supplementary-material"}) shows that LCMV infection is absolutely specific for NP8 mice and leads to virtually complete tumor regression after 21 days \[[@R9]\]. Anti-PD1/PD-L1 treatment leads to significant, though not complete tumor regression in NP8 and T1 mice after 7 days. While in NP8 mice the tumor has largely re-appeared after 21 days, no significant tumor regrowth is detectable in T1 mice within this time period.

![Anti-PD-L1 as well as anti-PD1 immune checkpoint control therapy is more efficient in T1 tumor mice lacking the NP T-cell epitope than in NP8 tumor mice\
Immune-histochemical analysis of tumor sections for T-Ag from T1 tumor mice, treated with anti-PD-L1 or with anti-PD1 antibodies (0.5mg/kg), showed for these mice a significantly extended period of tumor regression compared to treated NP8 mice, with no T-Ag expressing tumor cells up to 21 days (magnifications are the same in all pictures; bars: 200μm); T-Ag positive cells re-appeared in both cases about ten days later (not shown).](oncotarget-07-64543-g006){#F6}

Tumor regrowth in both, NP8 and T1 mice after anti-PD-L1 treatment is due to re-establishment of T-cell exhaustion. This can be deduced from our finding that a second anti-PD-L1 treatment of NP8 again led to tumor regression and delayed tumor regrowth in T1 mice (Figure [7](#F7){ref-type="fig"}).

![A second PD-L1 antibody treatment eliminates regrown tumors in anti-PD-L1 treated NP8 tumor mice and delays tumor regrowth in T1 tumor mice\
NP8 and T1 tumor mice were treated with a single dose of anti-PD-L1 antibodies (0.5mg/kg on day 0) and tumors harvested on day 28, or treated with a second dose on day 21 before harvest on day 28. Tumor regrowth was analyzed by immune-histochemical staining for T-Ag. After a single dose treatment, 28 days after treatment T-Ag staining in NP8 tumors was already as strong as in tumors of untreated mice, while a second dose on day 21 strongly reduced the number of T-Ag positive cells again. Tumors of T1 mice were virtually free of T-Ag positive cells after both treatments, indicating delayed tumor regrowth.](oncotarget-07-64543-g007){#F7}

The highly immunogenic NP T-cell epitope is a fast inducer of cytotoxic NP-specific T-cells, but also promotes T-cell exhaustion {#s2_4}
--------------------------------------------------------------------------------------------------------------------------------

As a possible explanation for the significant difference in the periods of tumor regression after anti-PD1/PD-L1 treatment of NP8 and T1 tumor mice, respectively, we considered that the high immunogenicity of the NP-epitope in T-Ag~NP~ of NP8 tumors might be responsible for the rapid abrogation of the immune checkpoint blockade. As endogenous tumors in T1 and NP8 mice are not suited to test this hypothesis, we resorted to our T1 and NP8 tumor derived tumor stem cell systems (G-2 and H8N8 cells, respectively). The G-2 as well as the H8N8 cell systems have been previously described and characterized in detail \[[@R23]\], \[[@R24]\], \[[@R25]\]. Both cell lines exhibit tumor stem cell properties, as 10 cells each suffice for tumor induction in NP8 mice after orthotopic transplantation. Transplanted tumors to a very large degree reflect endogenous tumors in terms of histology and molecular characteristics \[[@R23]\], \[[@R24]\]. G-2 and H8N8 derived tumors thus mimic endogenous tumors in T1 and NP8 tumor mice, respectively.

### T-cell immunogenicity of G-2 and H8N8 tumor cell antigens in BALB/c or NP8 mice {#s2_4_1}

To test for possible differences in the immunogenicity of tumor antigens in G-2 and H8N8 cells, we first compared the tumor take of G-2 and H8N8 cells after transplantation into BALB/c mice, i.e. into a close to isogenic host, except for lacking the SV40 transgene. Possible differences in tumor take then would indicate differences in the immunogenicity of T-antigen proteins either expressing the LCMV NP-epitope (T-Ag~NP~ in H8N8 cells) or not expressing this epitope (T-Ag in G-2 cells). As an isogenic control, we in parallel transplanted these cells into non-induced (virgin) NP8 mice.

Table [1](#T1){ref-type="table"} shows that in naïve BALB/c mice G-2 cells formed tumors in about 60% of the transplantations, while in NP8 mice 100% of the transplantations were successful. Treatment of BALB/c mice with low dose γ-irradiation \[[@R2] Gray (Gy)\] prior to transplantation also allowed 100% tumor take. Still, tumor growth in untreated as well as in irradiated BALB/c mice was markedly slower than in NP8 mice ([Figure S3](#SD1){ref-type="supplementary-material"}; see also below). In contrast to transplanted G-2 cells, H8N8 cells never formed tumors in naïve BALB/c mice unless the mice were pre-treated with γ-irradiation (2 Gy). As expected, 100% of H8N8 cell transplantations were successful in NP8 mice. Like with G-2 cells, tumor growth of H8N8 cells in irradiated BALB/c mice was slower than in NP8 mice. To exclude the possibility that the differences in tumor take between G-2 and H8N8 cells were not related to the NP-epitope present in T-Ag~NP~, but might reflect intrinsic differences of the tumors of origin or of the cell lines themselves, we constructed G-2(Arm) cells (for details see Materials and Methods and [Figure S4](#SD1){ref-type="supplementary-material"}). G-2(Arm) cells are G-2 cells persistently infected with the replication-defective Armstrong strain of LCMV \[[@R26]\], \[[@R27]\], \[[@R28]\]. Due to defunct virus release, G-2(Arm) cells are loaded with NP ([Figure S4](#SD1){ref-type="supplementary-material"}). As expected, transplanted G-2(Arm) cells did not grow in naïve BALB/c mice. Also low dose irradiation (2 Gy) had to be repeated 7 days after transplantation to allow a 50% tumor take. However, anti-CD8 antibody pre-treatment of BALB/c mice allowed tumor outgrowth of transplanted G-2(Arm) cells. G-2(Arm) cell transplantations were 100% successful in NP8 mice, and G-2(Arm) cell induced tumors grew with similar kinetics as H8N8 cell induced tumors and as G-2(Arm) tumors in anti-CD8 treated BALB/c mice. This indicates that the somewhat stronger immune reaction against G-2(Arm) cells compared to H8N8 cells in BALB/c mice is due to the expression of large amounts of LCMV-NP in G-2(Arm) cells and not to additional factors, like e.g. residual virus release.

###### Tumor growth after transplantations of WAP-T derived tumor cell lines into BALB/c or NP8 mice

  Cell line   BALB/c                                                                              NP8uninduced                         
  ----------- ----------------------------------------------------------------------------------- -------------- ---------- ---------- ----------
  G-2         4/6[a](#tfn_004){ref-type="table-fn"} (40)[\*\*\*](#tfn_003){ref-type="table-fn"}   9/9 (34)       n\. d.     n\. d.     5/5 (27)
  H8N8        0/5 ( − )                                                                           5/5 (52)       n\. d.     5/5 (34)   5/5 (34)
  G-2(Arm)    0/8 ( − )                                                                           0/6 ( − )      3/6 (38)   4/5 (30)   7/7 (3)0

Irradiation 1 day before transfer

1st irradiation 1 day before transfer, 2nd irradiation 7 days after transfer

Tumor bearing mice versus total number of mice; in brackets: means of days, until tumor size was about 1.5 cm (mice which had remained free of tumors for over 90 days were not used for calculation)

A total of \<30 G-2 cell transplantations were carried out during the course of our experiments, resulting in an average tumor take of ∼60%. The figure given here is from the parallel transplantation experiments shown in Table [1](#T1){ref-type="table"}.

These data confirm that both, T-Ag and T-Ag~NP~, induce a cellular immune response in BALB/c mice. However, the immune response against the NP-epitope is much stronger than the immune response against the T-cell epitopes of T-Ag. The weaker immune response against T-Ag in BALB/c mice allows G-2 tumor cell outgrowth in about 60% of the transplantations, possibly by escape from destruction by immune cells and thus the possibility to establish a "tumor-friendly" microenvironment.

With regard to the different immunogenicity of T-Ag derived T-cell epitopes in G-2 cells and the NP-epitope presented by G-2(Arm) cells it is interesting to compare the transplantations of G-2 and G-2(Arm) cells into untreated and into 2 Gy γ-irradiated BALB/c mice (Figure [8](#F8){ref-type="fig"}). Irradiation with 2 Gy allowed a 100% tumor take of transplanted G-2 cells and accelerated tumor growth by about 7 days compared to tumors growing in untreated BALB/c mice (Figure [8](#F8){ref-type="fig"}, red *versus* blue columns). However, tumor growth in irradiated BALB/c mice still was significantly slower than tumor growth of G-2 cells transplanted into NP8 mice (34 vs. 27 days, compare Table [1](#T1){ref-type="table"}). This indicates that low dose irradiation dampened the CTL anti-tumor response, but did not completely suppress it. In contrast, no tumor outgrowth could be observed after transplantation of G-2(Arm) cells into 2 Gy irradiated BALB/c mice (Figure [8](#F8){ref-type="fig"}, green columns), even after longer times of observation (data not shown). We interpret this finding as to indicate that the NP-epitope presented by G-2(Arm) cells induced a strong T-cell response that could not be abolished by low dose irradiation, and that new CTLs had appeared before transplanted G-2(Arm) cells could establish a tumor. This interpretation is supported by our finding that a second 2 Gy dose of irradiation 7 days after G-2(Arm) cell transplantation, i.e. at the height of the NP-specific CTL response \[[@R29]\], at least allowed a 50% tumor take (Table [1](#T1){ref-type="table"}). Tumor outgrowth, however, was still delayed by about 8 days compared to growth in anti-CD8 treated BALB/c mice and to growth in NP8 mice.

![Growth kinetics of G-2 cell and G-2(Arm) cell induced tumors in BALB/c mice with or without γ-irradiation\
Enhanced and accelerated tumor growth was obtained after γ-irradiation of NP8 mice before transplantations of G-2 tumor cells (red columns) in comparison to untreated mice (blue columns). G-2 cells, persistently infected with an attenuated variant of LCMV, strain Armstrong, \[G-2(Arm) cells\] totally suppressed tumor outgrowth by an effective immune reaction (yellow columns); an intense immune reaction was also observed after 2 Gy γ-irradiation before transfer of G-2(Arm) cells (green columns), indicating inefficient elimination of CTLs by the irradiation.](oncotarget-07-64543-g008){#F8}

### NP-epitope specific CTLs become rapidly exhausted {#s2_4_2}

The high immunogenicity of the NP-epitope and the ensuing generation of highly active NP-specific CTLs as observed above in BALB/c mice does not seem to be compatible with the rapid abrogation of the immune checkpoint blockade in anti-PD1/PD-L1 treated NP8 tumor mice unless one assumes that the strong immunogenicity of the NP-epitope concomitantly also leads to fast CTL exhaustion. To address this question, we performed adoptive transfer experiments, as outlined in Figure [9](#F9){ref-type="fig"}, schemes A and B. As donor mice for the transfer of NP-specific CTLs we used splenocytes from BALB/c mice which had received a single dose of 10^5^ G-2(Arm) cells on day 0. In the experiment outlined in scheme A splenocytes were transferred on day 7 into NP8 acceptor mice. In the experiment outlined in scheme B, donor mice had received a single dose of anti-PD1 antibodies on day 3 after G-2(Arm) cell inoculation and splenocytes were transferred on day 7. CTL-depleted (4 Gy γ-irradiation on day -1) NP8 mice, transplanted on day 0 with G-2(Arm) tumor cells, served as acceptor mice. As shown in the graph in Figure [9](#F9){ref-type="fig"}, transfer of splenocytes obtained according to scheme A did not interfere with the growth of G-2(Arm) cells in NP8 acceptor mice. Thus NP-specific CTLs in the donor mice had become exhausted during the 7 days period after G-2(Arm) inoculation, and their transfer did not block tumor outgrowth of G-2(Arm) cells in NP8 acceptor mice. In contrast, splenocytes transferred according to scheme B led to a delayed and much slower growth of G-2(Arm) cells in NP8 acceptor mice, indicating that the anti-PD1 treatment of the donor mice 4 days before splenocyte transfer had reactivated exhausted NP-specific CTLs. One thus can conclude that the high immunogenicity of the LCMV NP-epitope on one hand induces a strong CTL response, but on the other hand also favors rapid exhaustion of these CTLs by PD1 expression.

![Adoptive transfer of NP-specific CTL from BALB/c donor mice into CTL depleted and G-2(Arm) cell transplanted NP8 acceptor mice to demonstrate NP-specific CTL exhaustion\
Left side: schemes of the experimental protocols, right side: graphic illustration of the experiments (above) and graph displaying the results (below). Results to experimental scheme **A.** After γ-irradiation of acceptor NP8 mice with 4 Gy one day before transplantation of 10^5^ G-2(Arm) cells, excessive tumor growth was observed (animals had to be killed on day 19 due to tumor size, blue X), which could not be suppressed by adoptive transfer of splenocytes from BALB/c donor mice which had been inoculated with 10^5^ G-2(Arm) 7 days before transfer (blue columns). Results to experimental scheme **B.** In a parallel experiment, performed under the same conditions, the donor mice were treated with anti-PD1 antibodies 4 days before the adoptive transfer of splenocytes, whereupon a powerful inhibition of tumor growth became evident (violet columns).](oncotarget-07-64543-g009){#F9}

Our data support the interpretation that the highly immunogenic NP-epitope presented by H8N8 tumor cells is responsible for the significantly shorter period of tumor regression in anti-PD1/PD-L1 treated NP8 tumor mice compared to T1 tumor mice that had received the same treatment. We thus conclude that the efficiency of an anti-PD1/PD-L1 immune checkpoint blockade therapy is strongly influenced by the strength of the T-cell epitope-specific antigenic stimulus exerted by tumor antigen(s). A strong antigenic stimulus will promote both, rapid generation of new CTLs, but also subsequent exhaustion of CTLs. In a treated tumor mouse expressing a strong tumor antigen T-cell epitope, exhaustion of CTLs will rapidly win over the generation of new active CTLs induced by residual tumor cells, thereby promoting rapid tumor re-growth.

DISCUSSION {#s3}
==========

Conventional cancer therapies, like chemo-, radiation- and targeted therapies, aim at reducing tumor cell proliferation or inducing tumor cell death by interfering with tumor cell signaling, cell growth or cell division. In contrast, immunotherapies aim at boosting the anti-tumor immune response of the tumor patient. While conventional cancer immunotherapy strategies so far have had only very limited success \[[@R6]\], immune checkpoint blockade therapies are very promising new approaches in cancer therapy \[[@R3]\], \[[@R4]\], \[[@R6]\], \[[@R7]\], \[[@R30]\], \[[@R31]\]. Such therapies are designed to restore the patients' own antitumor immune response that had been mitigated during the processes of tumor immune evasion. To date, immune checkpoint blockade therapies are performed against selected cancer entities using antibodies against the CTL-associated antigen-4 (CTLA-4), against the PD1 receptor, and against its ligand PD-L1, with success rates varying in the different cancer entities. To date, the most promising immune checkpoint blockade therapies seem to involve the PD1/PD-L1 axis, because of higher success rates and less adverse side effects (for details see reviews cited above).

A major and currently still unresolved problem of immune checkpoint blockade therapies is that the reasons underlying their success or failure are not well understood. It is assumed that expression levels of immune checkpoint proteins (rev. in \[[@R3]\] and \[[@R7]\]), as well as mutations enhancing the frequency of novel tumor antigen T-cell epitopes \[[@R32]\] play an important role. Our WAP-T/WAP-T~NP~ mouse models are suitable to address the respective pertinent questions.

In this study we focused on the influence of "weak" and "strong" tumor antigen T-cell epitopes on therapy outcome. WAP-T and WAP-T~NP~ tumors are histologically and molecularly extremely similar \[[@R10]\], but differ immunologically by the additional, immune-dominant LCMV NP-epitope expressed by the chimeric T-Ag~NP~ in WAP-T~NP~ tumors, which is not present in T-Ag of WAP-T tumors \[[@R8]\], \[[@R9]\]. We here analyzed the effects of anti-PD1/PD-L1 antibody therapies for the treatment of WAP-T/WAP-T~NP~ mouse mammary carcinomas. This approach is based on our previous observation that WAP-T~NP~ tumor mice contain LCMV NP-specific CD8^+^ T-cells which, however, are exhausted, as they displayed only limited activity in LCMV infected BALB/c mice \[[@R9]\]. Yet, activity could be re-established by treatment of WAP-T~NP~ tumor mice with anti-PD1 antibodies, suggesting a major role for the PD1/PD-L1 checkpoint axis in immune evasion of WAP-T~NP~ mammary carcinomas \[[@R9]\].

Analysis of PD-L1 expression in WAP-T/WAP-T~NP~ tumors showed that PD-L1 is strongly expressed in tumor tissue, not only by infiltrated immune cells, but also by epithelial tumor cells, and that it is located on the surface of tumor cells. As tumors in WAP-T mice model the triple-negative basal breast cancer (TNBC) subtype of human mammary carcinoma \[[@R13]\], \[[@R14]\], a relatively high expression of PD-L1 in WAP-T tumors is in line with PD-L1 expression in their human counterparts (rev. in \[[@R3]\] and \[[@R7]\].

When we compared the effects of anti-PD1 and anti-PD-L1 antibody treatments, respectively, on NP8 tumor regression, we observed that after both therapies tumors were no longer detectable visually (i.e. by size and immune-histochemical staining for T-Ag). However, molecular analyses for T-Ag mRNA and T-Ag protein revealed residual tumor cells and showed that anti-PD-L1 treatment was more effective than anti-PD1 treatment (below 5% residual tumor cells after anti-PD-L1 treatment compared to about 20% residual cells after anti-PD1 treatment). Although PD1 is also expressed on several other immune cells, it is mainly expressed on antigen-experienced T-cells, while PD-L1 is expressed on many cell types, including T- and other immune cells and the tumor cells themselves \[[@R6]\]. With regard to the higher efficacy of PD-L1 in our tumor system, it might be interesting to note that NK cells in our tumor mice highly express PD-L1, as is evident from the strong decrease of NK cells after anti-PD-L1 antibody treatment (see Figure [4B](#F4){ref-type="fig"}). Although tumor cell elimination primarily involves CD8^+^ T-cells, NK cells could play an additional role.

Due to its stronger anti-tumor effect and because of the reported lower side effects of the anti-PD-L1 antibody treatment (rev. in \[[@R6]\]), we concentrated on this approach. The strong anti-tumor effect of both treatments is due to tumor cell elimination, as can be deduced from the dose-dependent reduction of tumor size (Figure [1](#F1){ref-type="fig"}), mediated by enhanced tumor cell apoptosis, as shown in Figure [3](#F3){ref-type="fig"}.

It is assumed that anti-PD-L1 treatment leads to "reactivation" of exhausted T-cells by blocking the interaction of PD1 with PD-L1 \[[@R3]\], \[[@R33]\], \[[@R34]\]. However, the effects of anti-PD-L1 antibody treatment are not yet clear. The strong decrease in the number of CD3^+^ immune cells in tumors on day 7 after anti-PD-L1 treatment (Figure [5](#F5){ref-type="fig"}) might however suggest that anti-PD-L1 antibody treatment leads to apoptosis of PD-L1 expressing cells by antibody mediated cytotoxicity, as previously reported \[[@R35]\]. PD-L1 is also expressed on exhausted CD8^+^ T-cells, and the interaction of such cells with PD1 expressing T~reg~ cells is important for establishing and maintaining a chronic LCMV infection \[[@R36]\]. Considering that NP8 tumor mice should display a similar immune status as mice chronically infected with LCMV, we assume that the strong reduction of CD25^+^ T-cells, encompassing T~reg~ cells, as well as the dramatic drop in the fraction of PD1^+^-lymphocytes (Figure [4B](#F4){ref-type="fig"}) reflects the elimination of these cells by PD-L1 treatment. Our finding that we did not observe a measurable change in the overall CD8^+^ lymphocyte fraction after anti-PD-L1 antibody treatment supports our view that specifically exhausted CD8^+^ T-cells had been removed, as the fraction of NP-specific CD8^+^ T-cells (active or exhausted) is small (about 5%), and changes in this specific fraction are hardly detectable in analyses of the overall CD8^+^ T-cell fraction. Regardless, already a partial elimination of exhausted cells should shift the immunological balance between active and exhausted CTLs to the anti-tumor effector side, leading to tumor destruction \[[@R6]\].

To us the most surprising result was the finding that anti-PD1/PD-L1 treatment of T1 tumor mice resulted in a significantly longer period of tumor regression (up to 31 days compared to less than 14 days in NP8 tumor mice). Due to the close histological and molecular similarities of T1 and NP8 tumors, this difference can only be ascribed to the presence (in T-Ag~NP~ of NP8 tumors) or absence (in T-Ag of T1 tumors) of the highly immunogenic NP-epitope. We here provide evidence that the strong immunogenicity of this epitope indeed elicits a fast and strong CD8^+^ T-cell response (see Table [1](#T1){ref-type="table"} and Figure [8](#F8){ref-type="fig"}), but at the same also promotes rapid CD8^+^ T-cell exhaustion (see Figure [9](#F9){ref-type="fig"}). Although the respective experiments do not exactly model the actual events in NP8 tumor mice, they can explain the significantly shorter period of tumor regression in anti-PD1/PD-L1 treated NP8 compared to T1 tumor mice. During and after treatment, residual NP8 tumor cells will induce new active NP-specific CD8^+^ T-cells, which together with residual non-exhausted T-cells will kill most of the tumor cells. These cells, however, will rapidly become exhausted in the tumor-supporting microenvironment, thereby allowing tumor re-growth. In retrospective, the rapid exhaustion of CTLs induced by the NP-epitope explains, why induced WAP-T~NP~ mice develop tumors at all, which might have not been expected considering the strong immunogenicity of the T-Ag~NP~ tumor antigen.

Although the NP-epitope might be considered as an extreme example for the immunogenicity of a tumor antigen T-cell epitope, the data provided here and in our previous studies \[[@R9]\], \[[@R10]\] show that even such a strong T-cell epitope does not protect against tumor outgrowth, and that after induction tumors in WAP-T~NP~ and in WAP-T mice arise with similar frequency and kinetics. On the contrary, according to this study, its presence is actually detrimental for the success of an immune checkpoint blockade therapy.

On the other hand, the relatively good efficacy of the anti-PD-L1 treatment in T1 tumor mice supports the idea that tumors expressing weak tumor antigen T-cell epitopes respond much better to immune checkpoint blockade therapies because re-establishment of an exhausted status of CTLs against these epitopes takes much longer. In addition, the lack of an immune-dominant T-cell epitope will allow the simultaneous generation of CTLs against several tumor antigen T-cell epitopes, further aggravating the re-establishment of T-cell exhaustion after immune checkpoint blockade therapy. The latter is also supported by findings demonstrating that tumors expressing many mutated proteins respond significantly better to such therapies \[[@R32]\].

In summary, our data strongly support the view that immunogenicity of tumor antigen T-cell epitopes strongly influences the duration of an anti-PD1/PD-L1 induced immune checkpoint blockade, and thus is an important parameter in determining the outcome of an immune checkpoint blockade therapy. Next generation sequencing will allow the rapid identification of mutations in tumor proteins which might serve as tumor antigens, and the detailed analyses of tumor antigen T-cell epitopes and their relative strength in different HLA subtypes will further progress \[[@R37]\], \[[@R38]\]. It thus will become possible to select patient collectives amenable to immune checkpoint blockade therapy. Furthermore, it will become possible to increase the activity of checkpoint inhibition by combination therapies \[[@R39]\], and in combination with approaches additionally targeting oncogenic pathways associated with immune suppression and T cell exhaustion (see e.g. \[[@R40]\]). Such combination therapies might be extremely promising especially for targeting PD-L1 expression, as expression of this molecule is regulated by a variety of oncogenic pathways \[[@R31]\].

MATERIALS AND METHODS {#s4}
=====================

Mice {#s4_1}
----

Inbred BALB/c mice and BALB/c-based transgenic mice crossed into them were used for all investigations presented here and were held under specific pathogen-free conditions. From the various generated mouse lines available \[[@R8]\], \[[@R41]\] we selected the transgenic mice WAP-T~NP~ (NP8) and WAP-T (T1) containing either the BALB/c mouse specific CTL NP-epitope of LCMV within the SV 40 T-Ag (T-Ag~NP~ inNP8) or not (T-Ag in T1), respectively \[[@R9]\]. Both transgenic mouse lines are very similar in their characteristic of tumor formation \[[@R10]\]. If not stated otherwise, at least three mice per group were used in each experiment. All animals were kept under S1 conditions and handled according to German regulations for animal experimentations. All protocols had been approved by the Hamburg administration (Deppert/Bruns \#13/06; Deppert/Wanger \#20/10: "Früherkennung der Entstehung von Mammakarzinomen für immuntherapeutische MaΔnahmen im transgenen Mausmodell").

Treatments of mice {#s4_2}
------------------

For anti-PD-L1/PD1 treatment experiments we used goat polyclonal B7-H1/PD-L1 or PD1 antibodies (R&D Systems). We first evaluated the dose-dependency for clearance of the exhausted immune status using the anti-PD-L1 antibody in NP8 mice. An intravenous (iv) dose of 0.5 mg of either antibody per kg mouse body weight was selected for subsequent studies, because it provided a strong protective reaction, see Figure [1](#F1){ref-type="fig"} for anti-PD-L1 treatment; data for anti-PD1 treatment were similar (not shown).

For adoptive transfers mice were treated by sub-lethal γ-irradiations with a radiation dose of 1 × 2 Gy, considered as a weak treatment eliminating immunologically active cells for about one week, or alternatively either with 2 × 2 Gy (in a 7 days interval) or 1 × 4 Gy, both judged as strong radiation doses removing immune cells, especially CTLs, for about two to three weeks (personal experience). A similar extensive discharge of CTLs was obtained in mice, when they were treated with 400 μg of monoclonal anti-CD8 antibodies (mAbs) iv \[[@R42]\], \[[@R43]\]. In any case no impairment of health or variation in physiological behavior could be observed in mice undergoing such treatments.

Transplantation of tumor cells {#s4_3}
------------------------------

For transplantations experiments 1×10^5^ tumor cells were harvested from cultures and re-suspended in 50 μl of a 1:1 mixture of serum-free Dulbecco\'s modified Eagle\'s medium (DMEM) and BD Matrigel Matrix high concentration, growth factor reduced (BD Bioscience, San Jose, CA). Between 10 and 20 weeks old non-induced (virgin) female mice were anaesthetized by intraperitoneal injection of ketamine/xylazine. After an incision of about 5 mm into the skin the cell suspensions were injected into the left or right abdominal mammary gland (MG \#3 or MG \#6); carprofen (50 mg/ml) was applied as analgesic; the skin was closed by interrupted sutures after implantations.

Propagation and cultivation of cells {#s4_4}
------------------------------------

Cultures of tumor-derived G-2 or H8N8 cancer cells served in particular for the precise calculations of tumor growth during therapeutic treatments. The procedures for their isolation and their growth characteristics were described elsewhere \[[@R10]\], \[[@R23]\], \[[@R24]\], \[[@R25]\]. The cells were maintained in DMEM containing 10% fetal calf serum and 2 mmol/l glutamine and cultivated at 37°C in a humidified atmosphere of 5% CO~2~.

For the estimation of the reactivity against the CTL-specific NP epitope within the epitope presenting NP8 mice new cancer cell lines were developed after infection of G-2 cells with the highly attenuated L(Arm) virus (mouse L cell-derived Armstrong strain of LCMV), followed by cultivations over 8 passages (16 days) as a prerequisite for transferring them, similarly as described for L(Arm), BHK(Arm), Vero(Arm), and MDCK(Arm), into the persistently infected tumor cell line G-2(Arm) \[[@R26]\]; due to the modification of the glycoprotein-precursor most of the attenuated L(Arm) virus remains cell-associated, whereupon nearly exclusively only the viral NP could be detected in high amounts within the modified cell lines \[[@R26]\], \[[@R28]\], \[personal observations (see also [Figure S4](#SD1){ref-type="supplementary-material"})\].

Immune histochemistry {#s4_5}
---------------------

Histopathology and analysis of transgene expression were essentially as already described \[[@R8]\]. In brief, mouse mammary tissues were fixed with 4% formaldehyde containing 1% acetic acid and embedded in paraffin. De-paraffinated sections were stained with hematoxylin and eosin. Immunostaining of SV40 T-Ag was performed on paraffin sections using a triple-step immune enzymatic method. De-paraffinated sections were reacted before antibody incubation with a commercial 'target unmasking fluid' (Dianova) in a microwave oven. Subsequently, sections were incubated overnight at 48°C with a 1 : 10,000 dilution of the polyclonal rabbit antiserum R15 against T-Ag \[[@R44]\]; in some cases the commercially available polyclonal goat antibody against PD-L1 (see above) or the polyclonal rabbit antibody against human/mouse active caspase-3 in dilutions of 1 : 1000 (R&D Systems) were applied according to the supplier\'s recommendations. Specifically bound primary antibody was in the case of anti T-Ag, detected using biotinylated anti-rabbit IgG and phosphatase-conjugated streptavidin from a commercial kit (Super Sensitive Detection System, Biogenex). Phosphatase enzyme activity was revealed with naphthol AS-BI phosphate in combination with hexazotized new fuchsine (Merck). For the primary antibodies against PD-L1 and caspase-3 mouse anti-goat as well as anti-rabbit peroxidase-conjugated antibodies were used and incubated with Histofine Simple Stain Mouse Max PO anti-goat or anti-rabbit (Nichirei, Amsterdam, NL) and detected by 3,3′-diamino benzidine chromogene; possible endogenous peroxidase activities in granulocytes, mast cells, and erythrocytes were blocked by pre-incubation with 30 % H~2~O~2~ solution in phophate buffered saline (PBS). Naïve rabbit serum served as control. Sections were slightly counterstained with hemalum. All photographs were taken by the Zeiss Axioplan2 imaging microscopic equipment with the camera ProgRes C12plus of Jenoptic using the Software ProgRes CapturePro 2.9.0.1.gy

Protein measurement and detection of T-Ag in ELISA {#s4_6}
--------------------------------------------------

The procedures were already described in more detail \[[@R45]\]. Briefly, the protein content was calculated using the Bio-Rad protein assay with the Bradford Reagent \[[@R46]\]. For the determination of the amounts of T-Ag an ELISA was carried out, where aliquots of the samples were adsorbed onto MaxiSorp Immunoplates (Nunc) for 2 h at room temperature. The detection of viral antigen was performed with the rabbit anti T-Ag antiserum R15 \[[@R44]\] followed by horseradish peroxidase-labeled goat anti-rabbit immunoglobulins (Medac).

RNA extraction and measurement of mRNA for T-Ag {#s4_7}
-----------------------------------------------

Isolation and extraction of RNA from frozen tissue samples were performed using the innuPrep RNA Mini Kit (Analytic Jena, Germany) and reverse transcribed with the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). In general 1 μg of the purified RNA was employed for the synthesis of cDNA. Quantitative real-time PCR (qRT-PCR) was performed with the Power SYBR Green PCR Mastermix in an ABI 7500 Fast thermal cycler (Applied Biosystems). Per 10 μl mix 5 ng of cDNAs and in concentrations of 100 nM the primer pairs SV40LTag-Q1 (sense: TCCTGGCTGTCTTCATCATC) as well as SV40LTag-Q2 (antisense: AGAAAGGTTCGACGCTGACAC) were used.

FACS {#s4_8}
----

Analysis of splenocytes was performed usually starting with 3 × 10^4^ cells per staining. Cells were washed and re-suspended in 100 μl PBS buffer; thereafter 1 μl of FITC- or PE-stained antibodies (BD Biosciences) were added according to the manufacturer\'s instructions. For the examination of the relevant cellular populations the following mAbs, all obtained from BD Biosciences, were used: rat anti-mouse CD8 as well as CD4, mouse anti-mouse NK1.1, hamster anti-mouse PD1, and mouse anti-CD25, and incubated in the dark for 2 h. In order to inhibit unspecific binding rat anti-mouse CD16/CD32 was included to each arrangement as Fc block. Appropriate rat anti-mouse IgG1, IgG2a, and IgG2b were introduced as isotype controls. Cells were resuspended in 500 μl FACS buffer (0.5 % FCS, 100 μM EDTA in PBS) and analyzed in a FACSAria I cell sorter (Becton Dickinson) with BD FACS Diva 5.1.3 software. Before analyses of the various immune cell compartments 1 × 10^5^ cells were sorted after the incubation of splenocytes with 1 μl anti-mouse CD45 antibodies for 2 h in the dark and then examined by FACS using the specific antibodies described above.
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CTL

:   cytotoxic T lymphocyte

CTLA-4

:   CTL-associated antigen-4

DMEM

:   Dulbecco\'s modified Eagle\'s medium

ELISA

:   enzyme-linked immunosorbent assay

Gy

:   Gray; iv, intravenous

LCMV

:   lymphocytic chorio­meningitis virus

mAb

:   monoclonal antibody

NK

:   natural killer cell

NP

:   nucleoprotein of LCMV; NP8, WAP-T-NP8 mouse

PBS

:   phosphate buffered saline

PD1

:   programmed death-1 protein

PD-L1

:   ligand of PD1

qRT-PCR

:   quantitative real-time polymerase chain reaction

SV40

:   Simian virus 40

T1

:   WAP-T1 mouse

T-Ag

:   T-antigen of SV40

T-Ag~NP~

:   chimeric T-Ag/NP protein

TNBC

:   triple-negative basal breast cancer

T~reg~

:   regulatory T cell

WAP

:   whey acidic protein
